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We report on the magnetic and magnetocaloric effect calculations in rare earth Er1yTbyAl2 compounds
(y¼0.00, 0.25, 0.5, 0.75 and 1.00). Our model Hamiltonian has contributions of the crystalline electrical
ﬁeld anisotropy in both Er and Tb magnetic sublattices, disorder in exchange interactions among Er–Er,
Tb–Tb and Er–Tb magnetic ions and the Zeeman effect. The magnetization, the isothermal entropy
change (ΔST) and the adiabatic temperature change (ΔTad) dependence on temperature were simulated
and, compared with the experimental data available.
& 2014 Elsevier B.V. All rights reserved.1. Introduction
The magnetocaloric effect (MCE) was observed at the ﬁrst time
in 1917 by Weiss and Piccard [1,2] when they realized a sizable
and reversible temperature change in nickel near its Curie tem-
perature. Two processes usually describe the effect: isothermal
and adiabatic ones leading to two important characteristic ther-
modynamic quantities: the isothermal entropy change (ΔST) and
the adiabatic temperature change (ΔTad), upon magnetic ﬁeld
change. The greatest avail of MCE, compared with the conven-
tional gas-compression/expansion for refrigeration technique, is a
green alternative, high efﬁciency and also small volume of the
refrigerant material.
In 1997, Pecharsky and Gschneidner [3] discovered the giant
magnetocaloric effect (GMCE) in Gd5Si2Ge2, which called much
attention to the effect with potential application to the room
temperature magnetic refrigeration. For that reason, in the last 17
years many kinds of magnetic materials have been studied and
their magnetocaloric properties investigated in order to ﬁnd op-
timal materials that achieve considerable refrigerant capacity
around the room temperature [4–6]. From theoretical point of
view there is widespread interest in the MCE which can elucidate
several different kinds of microscopic interactions mechanisms ineiro).magnetic materials [7]. Among these materials, the RAl2 (R¼rare
earth) compounds are good candidates to be investigate theore-
tically due to the localized magnetic moment nature at R-sites (the
Al atoms are nonmagnetic) and their cubic crystalline structure,
which simpliﬁes the crystalline electrical ﬁeld Hamiltonian (which
can be described by only two parameters).
Several systematic studies about the MCE in R′yR(1y)Al2 sys-
tems (R′, R¼rare earth ions) have been performed. The MCE on
these systems can be highly dependent on the crystalline electrical
ﬁeld anisotropy.
Alho et al. [8] investigated the magnetic anisotropy in
Gd0.25Dy0.75Al2, applying a magnetic ﬁeld along non easy magnetic
direction 〈110〉 and described the spin reorientation processes as
function of magnetic ﬁeld intensity and temperature. Recently,
Ribeiro et al. [9] theoretically investigated the magnetocaloric and
barocaloric effects in TbyGd(1y)Al2 series. In TbyGd(1y)Al2 the
MCE was calculated applying the magnetic ﬁeld along the easy
〈111〉 and hard 〈001〉 magnetization directions which showed
considerable difference in the ferromagnetic phase. For 〈111〉 ap-
plied ﬁeld direction good agreement with experimental data [10]
was reported and for ﬁeld along 〈001〉 direction, an inverse MCE
was predicted. Zimm et al. highlighted the importance of
Gd(1y)EryAl2 series for magnetic refrigeration due to the high
magnetic moments in Gd and Er ions, the Curie temperatures
(peaks in ΔST and ΔTad) which can be adjusted over a wide range
of temperature interval from 14 to 164 K by varying the Er content
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model, including the crystalline electrical ﬁeld anisotropy, provide
theoretical understanding of MCE in the ferrimagnetic system
Gd(1y)PryAl2 [12]. For Pr contents of y¼0.5 and 0.75 the experi-
mental data present an inverse MCE which was theoretically as-
cribed to the competition between the opposite magnetizations of
the Gd and Pr sublattices [13]. Oliveira et al. obtained satisfactory
agreement between their calculations and the available experi-
mental data for ΔTad in Dy1yEryAl2 and ΔST in Dy1yHoyAl2
series [14]. Different from the above mentioned R′yR(1y)Al2 sys-
tems, the work in Ref. [14] includes additional model complexity
since both magnetic sites R′ and R undergo strong inﬂuence from
the crystalline electrical ﬁeld anisotropy. It also can be mentioned
that in RAl2 type compounds for their magnetism are responsible
only R atoms, as well as in RNi2 compounds [15–18].
In this work we have theoretically investigated the MCE in the
ferromagnetic system Er(1y)TbyAl2 (y¼0.00, 0.25, 0.5, 0.75 and
1.00), considering the following interactions in our model Ha-
miltonian: 1) the exchange interaction among intra-sublattices Er–
Er and Tb–Tb and inter-sublattices Er–Tb magnetic ions (Al is non
magnetic); 2) the Zeeman effect and 3) the crystalline electrical
ﬁeld (CEF). Besides, the lattice and electronic contributions to the
total entropy were considered in order to calculate the ΔTad. Khan
et al. [19] have studied experimentally some compounds of this
system and their results were used by us and the relevant para-
meters for our model were obtained. We have simulated the
temperature dependence of the magnetization, isothermal en-
tropy change and adiabatic temperature change and these results
are in good agreement with the experimental data.2. Theory
The magnetic system Er(1y)TbyAl2 crystallizes in the Laves C15
cubic structure and the magnetism comes from the Erþ3 and Tbþ3
magnetic ions. In our mean ﬁeld model, both sublattices are cou-
pled and described by the following Hamiltonians (per ions):
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factors and total angular momentum operators, respectively. h0μ
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is the magnetic ﬁeld, Bμ the Bohr magneton, ErErλ , TbTbλ and
ErTb TbErλ λ= are the exchange parameters for the exchange inter-
actions between Er–Er, Tb–Tb and Er–Tb, respectively. The factors
y, y(1y) and (1y) were included in order to take into account
the disorder problem after the conﬁgurational average [20,21]. The
ﬁrst terms of both relations (1) and (2) represent the crystalline
electrical ﬁeld (CEF) interaction, which can be written for cubic
symmetry in Lea, Leask and Wolf (LLW) [22] notation
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where W is the energy scale and X is limited to the range
X1 1− ≤ ≤ and gives the ratio of fourth- to sixth-order terms of
the Steven's operators On
m [23]. The factors F4 and F6 are constantscommon to all matrix elements and speciﬁc to each value of total
angular momentum J, and were tabulated by LLW [22]. In our case,
we have F 604 = and F 138606 = for Er (J¼15/2) and F 604 = and
F 75606 = for Tb (J¼6).
The magnetization components for Er and Tb sublattices, per
ions, are written as follows:
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where k T1/ Bβ = ; n¼x, y and z, ﬁxes the Cartesian components;
i
Er, Tbε , iEr, Tbε ⟩ are the eigenvalues and eigenvectors of the Er and Tb
sublattices Hamiltonians (1) and (2); and kB is the Boltzmann
constant.
The magnitude M
→
of the total magnetization is given by
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and its component, along the applied magnetic ﬁeld direction,
for the Er and Tb-sublattices, is given by
M M M Mcos ( ) cos ( ) cos ( ) (6)h x y z
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where cos , cosα β and cos γ are the director cosines along the
applied magnetic ﬁeld direction. Considering both Er and Tb
sublattices in the compound Er(1y)TbyAl2, the total magnetization
is M y M yM(1 ) Er Tb= − + and its component along the magnetic
ﬁeld direction is: M y M yM(1 )h h h
Er Tb= − + .
The total entropy, in the system Er(1y)TbyAl2, takes into ac-
count three main contributions, namely: magnetic ( )SmagEr, Tb , lattice
(phonons) ( )SlatEr, Tb and the conduction electrons ( )SelEr, Tb . And,
considering the disorder, we obtain
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where the magnetic entropy is given by
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where R is the gas constant.
The lattice vibration contribution to the total entropy, in the
Debye approximation, is given by
⎡
⎣
⎢
⎢
⎛
⎝⎜
⎞
⎠⎟
⎛
⎝⎜
⎞
⎠⎟
⎤
⎦
⎥
⎥S T pR
T x
e
dx e( ) 12
1
3 ln 1 ,
(9)
lat
D
x T
3
0
3D D∫θ= − − −
θ θ
where Dθ is the Debye temperature and p¼3 is the total number of
ions per unit formula.
The electronic contribution can be written as
S T T( ) (10)el γ= ¯
where γ¯ corresponds to an effective Sommerfeld's coefﬁcient and
it is calculated as
n n(14 )
14
, (11)
(Er,Tb)Al
LaAl LuAl
2
2 2
γ γ γ¯ = − ¯ + ¯
considering that n1 14≤ ≤ is the relative position of rare-earth
element in the lanthanides series. The coefﬁcients LaAl2γ¯ and LuAl2γ¯
were taken from the literature [23]. For the other compounds, the
coefﬁcients are
y y(1 ) (12)y ErAl TbAl2 2γ γ γ¯ = − ¯ + ¯
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tions:
( ) ( ) ( )S T h y S T h y S T h y, , , 0, , 0, (13)T total total0 0 0μ μ μΔ = ≠ − =
for an isothermal entropy change, and,
( ) ( ) ( )T T h y T T h y T T h y, , , 0, , 0, (14)ad 0 2 0 1 0μ μ μΔ = ≠ − =
under the adiabatic condition ( ) ( )S T h y S T h y, 0, , 0,total2 0 1 0μ μ≠ − = .Fig. 2. Magnetic ﬁeld dependence of magnetization in TbAl2, for applied magnetic
ﬁeld along the three main cubic crystallographic directions, at T¼4 K.
Fig. 3. Isothermal entropy change vs. temperature for several y-concentrations of
terbium in Er(1y)TbyAl2 series, upon magnetic ﬁeld variation Δμ0h¼2 T. The solid
curves represent the calculations and the symbols represent the experimental data
from Refs. [10,19,25].3. Application and discussions
The series Er1yTbyAl2 crystallize in the C15 cubic Laves phase
structure and the easy magnetization direction is 〈111〉 for all
compounds. Firstly, in order to apply our model to this series, we
have considered the cases when y¼0 and y¼1, i.e., ErAl2 and
TbAl2. For these compounds, the exchange parameters ErErλ and
TbTbλ were ﬁxed to adjust the transitions temperature
(T 13 K and 110 KC ≈ , respectively) of each one, based on the lit-
erature data [6]. For the next step, our model parameters were
determined, namely: 0.0614 meVErErλ = , 0.6738 meVTbTbλ = ,
W 0.0252 meVEr = − , W 0.02 meVEr = , X 0.262Er = − , X 0.9Tb = ,
F 604
Er, Tb = , F 13, 8606Er = and F 75606Tb = . The CEF parameters W
and Xwere taken from Ref. [7] and the common coefﬁcients F4 and
F6 from Ref. [18]. It is worth noticing that, for the intermediate
compounds, just one parameter is free to adjust all critical tem-
peratures [19], namely 0.33 meVErTbλ = . This parameter was
adopted to take into account the interlattice exchange interaction
and is responsible for the coupling between Hamiltonians (1)
and (2).
Fig. 1 shows the calculated magnetization dependence on
temperature without applied magnetic ﬁeld for Er1yTbyAl2
(y¼0.0, 0.25, 0.5, 0.75 and 1). As mentioned above, the compounds
are ferromagnetic and the sublattices are aligned. The Curie tem-
perature (TC) increases as the y-concentration increases. The same
pattern is observed with the TC and the saturation magnetization
Msat. A reducing on Msat is noticed and it is related to the CEF in Er
and Tb sublattices.
Fig. 2 shows the magnetization vs. applied magnetic ﬁeld in
TbAl2 for the three main crystallographic cubic directions: 〈111〉,
〈110〉 and 〈001〉. It can be observed that the easy magnetization
direction is the 〈111〉, because, as mentioned above, shows the
higher magnetization value for the whole magnetic ﬁeld range.
These results are in agreement with those reported in Ref. [24] andFig. 1. Magnetization vs. T in the Er1yTbyAl2 series with y¼0, 0.25, 0.50, 0.75 and
1, without a magnetic applied ﬁeld.
Fig. 4. Isothermal entropy change vs. temperature for several y-concentrations of
terbium in Er(1y)TbyAl2, series, upon magnetic ﬁeld variation Δμ0h¼5 T. The solid
curves represent the calculations and the symbols represent the experimental data
from Refs. [10,19,25].
Fig. 5. Adiabatic temperature change vs. temperature for the compound
Er0.75Tb0.25Al2, upon magnetic ﬁeld variation Δμ0h¼5 T. The solid curves represent
the calculations and the symbols represent the experimental data from Ref. [19].
Fig. 6. Adiabatic temperature change vs. temperature for the compound
Er0.65Tb0.35Al2, upon magnetic ﬁeld variation Δμ0h¼5 T. The solid curves represent
the calculations and the symbols represent the experimental data from Ref. [19].
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series, present the same easy magnetic direction.
Figs. 3 and 4 show ST−Δ vs. T for magnetic ﬁeld change from
0 to 2 T and from 0 to 5 T, respectively, in Er1yTbyAl2 series with
y¼0.0, 0.2, 0.35, 0.5, 0.75, 0.9 and 1. The experimental data (re-
presented by symbols) were reported in Refs. [10,19,25]. The solid
curves represent our theoretical results considering the applied
magnetic ﬁeld along the easy magnetization direction. The value
of the peak increases from TbAl2 towards ErAl2; however, it be-
comes narrower as Tb content decreases. The peaks in ST−Δ vs. T
curves occur at TC, which increases with Tb content, following the
same behavior for the magnetization.
The adiabatic temperature change TadΔ of two alloys,
Er0.75Tb0.25Al2 and Er0.65Tb0.35Al2, are shown in Figs. 5 and 6,
respectively, upon magnetic ﬁeld variation from 0 to 5 T. Our
theoretical predictions (solid lines) are in good agreement with
the available experimental data (symbols), Ref. [19]. In order to
calculate the adiabatic temperature change, it is necessary to in-
clude the lattice and electronic contributions for the entropy,
shown in Eqs. (10) and (11). It was shown by von Ranke et al. [25]
that the Debye temperature in LuAl2, which is non magnetic and
isostructural to all compounds in the Er1yTbyAl2 series, canachieve a maximum value of θD¼380 K. In Ref. [26], a Debye
temperature of 192 K, for the compound ErAl2,, was reported. We
adopted for the lattice entropy calculation in Er1yTbyAl2 series
the ﬁxed value θD¼290 K, which leads to a better adjustment with
the experimental data available. For the electronic entropy, the
Sommerfeld coefﬁcients were determined from relations (11) and
(12), [23]. In order to obtain a better agreement with the experi-
mental data, it was used the average value for TadΔ among
the three main cubic crystallographic directions, i.e.,
T T T T( )/3ad ad ad ad
(001) (110) (111)Δ = Δ + Δ + Δ . One can observe a displace-
ment on the peak of the TadΔ when compared with the STΔ . We
ascribe this discrepancy to the combined effects of anisotropy and
polycrystalline characteristics of the sample.4. Final comments
In order to adds theoretical understanding of the MCE in
polycrystalline Er(1y)TbyAl2 series, reported by Khan et al. [19],
we proposed a proper theoretical model including the exchange
interactions among magnetic ions, CEF-anisotropy and the Zeeman
effect. In our model, the CEF-interactions on Tb and Er magnetic
sites were ﬁxed from the TbAl2 and ErAl2 series extreme com-
pounds, based on the assumption that around the magnetic sites,
the ﬁrst Al-neighbors do not change. The effective exchange
parameters were treated using a simple disorder approach [20].
Due to the CEF-anisotropy, the calculated magnetic ﬁeld depen-
dence of magnetization along the three main cubic crystal-
lographic directions 〈001〉, 〈110〉 and 〈111〉 conﬁrmed that 〈111〉 is
the easy magnetic direction. Also, CEF interaction leads to a sig-
niﬁcant reduction in TbAl2-magnetic moment from (M¼9 μB, ex-
pected for free Tb-ion) to (M8 μB, in the presence of CEF). Our
results for the temperature dependence of STΔ in Er(1y)TbyAl2
series under magnetic ﬁeld variations from zero to 2 T and from
zero to 5 T are in good agreement with the experimental data. The
temperature dependence of TadΔ calculations involve, besides the
magnetic entropy, the lattice and electronic entropies. Therefore,
for a best accurate comparison between our theoretical results and
the experimental data, an average, along the three main crystal-
lographic directions was performed. A satisfactory agreement be-
tween experimental data and our theoretical calculations was
obtained. Our model can also be used to calculate the anisotropic-
MCE which is responsible for the STΔ and TadΔ under magnetic
ﬁeld change directions ﬁxing the magnetic ﬁeld intensity, these
calculations are in progress for Er(1y)TbyAl2 series.Acknowledgments
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